Rechargeable lithium−sulfur (Li−S) batteries, which originate from the merits of extraordinary theoretical specific energy density, abundant resources, and eco-friendly character, have received ever-growing attention. However, their practical applications are seriously hampered because of the poor conductive property of the sulfur and the discharging products, severe dissolution and migration of lithium polysulfide intermediates, and huge volumetric variation of sulfur particles upon cycling. Here, double-shelled Co 3 O 4 and carbon (Co 3 O 4 /C) hollow nanocages as sulfur host materials are reported. The double-shelled structures can significantly boost the adsorption of soluble polysulfides and the electrical conductivity of sulfur cathodes. Consequently, the prepared S@Co 3 O 4 /C cathodes achieve considerable capacity enhancement and excellent rate capability, combining the durable cycling life at 1 C for 500 cycles, in which the overall capacity fading remains as low as 0.083% per cycle. Upper-plateau (Q H ) and lower-plateau (Q L ) capacities, static adsorption of polysulfides, and X-ray photoelectron spectroscopy (XPS) analyses unveil the underlying nature of the chemical interactions between polysulfide species and the sulfur host. The present results will favor the design and screening of prospective host materials to boost future Li−S batteries.
INTRODUCTION
With the depletion of traditional fossil fuels and increasing demands for consumer electronics and electric vehicles, etc., numerous scientific research studies have been conducted to exploit rechargeable batteries with high energy density. 1 Despite great success having been achieved, traditional lithium-ion batteries using lithium-containing oxides or phosphates as cathode materials (e.g., LiCoO 2 and LiFePO 4 ) suffer from low-density energy and capacity, impeding their applications on energy storage systems. 2 In addition, the high cost and environmental inconvenience arising from traditional cathode materials further thwart extensive use in industry. As a result, the exploration of superior and highly cost-effective energy storage technologies is now at the top of the agenda.
Lithium−sulfur (Li−S) batteries have been perceived as potential alternatives for advanced battery technologies for the next generation in terms of the theoretical specific energy density which is as high as 2600 Wh kg −1 stemming from a two-electron redox reaction between metallic lithium and sulfur (2Li + S = Li 2 S), 6−7 times that of the currently commercialized lithium-ion batteries. 3−5 Furthermore, abun-dant resources and high biocompatibility of elemental sulfur boost the potential for commercialization of Li−S batteries. However, there are some drawbacks existing in current Li−S batteries, which severely hamper their practical applications. 6, 7 One of the principal issues is that the nonconductive properties of elemental sulfur and lithium sulfide (Li 2 S) incur a large battery polarization, decreasing the electrochemical utilization of sulfur. Another problem lies in the dissolution of lithium polysulfide intermediates out of the cathodes. The detrimental shuttle effect causes heavy losses of the active sulfur materials and poor Coulombic efficiency. Also, the volume variation of sulfur particles upon cycling, which pulverizes the active materials and gives rise to fast capacity degradation, still persists. Therefore, considerable efforts should be devoted to the design of efficient sulfurencapsulating materials to overcome these conundrums, achieving superior capacity and durable cycling stability.
It has been demonstrated that carbon-based materials with highly porous structures can enhance the electrical conductivity and physical adsorption of lithium polysulfides. 8 Encapsulating active sulfur species in host materials like graphene, 9−12 carbon nanotubes, 13−16 porous carbons, or conductive polymers results in an improved electrochemical performance of Li−S batteries. 17−21 However, the nonpolarity of carbon-based materials indicates the low affinity with polar lithium polysulfides, which fails to efficiently bind and anchor lithium polysulfides within the cathode. As a result, carbonbased materials alone can facilitate electron transport and electrochemical kinetics but are still unable to inhibit the loss of active sulfur species. Recently, various polar materials possessing strong chemical interactions with lithium polysulfides, including metal oxides, 22−25 metal hydroxides, 26−30 metal sulfides, 31−37 and metal−organic frameworks (MOFs), 38−42 have been employed to mitigate the dissolution and diffusion of soluble polysulfide intermediates out of the cathode. On the other hand, the rate capability is compromised due to the relatively poor electrical conductivity of many polar metallic compounds. It is therefore favorable to design electrodes which combine highly conductive carbon-based materials with polar polysulfide-anchoring materials to synergistically ensure the utilization of lithium polysulfides and facilitate fast electron transport, thus contributing to enhanced battery performance.
In this work, we propose the design and preparation of double-shelled Co 3 O 4 and carbon (Co 3 O 4 /C) hollow nanocage structures as advanced sulfur hosts to substantially anchor polysulfide species inside the cathode, thus achieving the performance boost for Li−S batteries. The synergetic effects of double-shelled Co 3 O 4 /C nanocage structures are responsible for the various merits of sulfur cathodes. First, the outer carbon shells provide superior conductivity for fast electron transference, significantly accelerating the charge transfer kinetics. Also, the carbon shells can act as the block of soluble polysulfides to impede their diffusion. In addition, the inner polar Co 3 O 4 shells can strongly anchor polysulfides via chemical adsorption to prevent them from diffusing to the electrolyte. Thus, the active sulfur species were well-trapped in the hollow nanocages, resulting in effective utilization of sulfur. 43, 44 Finally, the double-shelled nanocage architecture with sufficient void space enables high sulfur content and mitigates large volume variation of sulfur particles upon cycling. Compared with other Co 3 O 4 structures reported in sulfur cathodes, Co 3 O 4 /C integrated many important advantages of the strong adsorption of polysulfides, enhanced conductivity, high ability to accommodate sulfur, and effective mitigation of volume variation of sulfur particles upon cycling, providing a novel and effective strategy to fabricate advanced sulfur host materials with high performance. As expected, the above synergistic effects entail S@Co 3 O 4 /C cathodes with significantly enhanced specific capacity, favorable rate performance, as well as outstanding cycling life, demonstrating the superiority of double-shelled Co 3 O 4 /C nanocage structures.
EXPERIMENTAL SECTION
2.1. Synthesis of ZIF-67. Typically, cobalt nitrate hexahydrate (0.5 g) and 2-methylimidazole (0.8 g) were dissolved in methanol (25.0 mL), respectively. With vigorous magnetic agitation, the two solutions above were quickly mixed. Then, the mixture was kept 24 h for aging under ambient conditions. Finally, centrifuged with methanol three times, the purple ZIF-67 product was obtained after drying for 10 h at 60°C.
2.2. Synthesis of LDH Nanocages. The as-prepared ZIF-67 (90 mg) was first dispersed in ethanol (20 mL), and then the mixture of ethanol (10 mL) containing Co(NO 3 ) 2 ·6H 2 O (180 mg) was quickly added to the ZIF-67 dispersion. After refluxing for 1 h under agitation, the mixture was collected through centrifugal separation with ethanol three times. The final LDH nanocages were obtained by drying in an oven for 10 h at 60°C.
2.3. Synthesis of Co 3 O 4 /C Composite. A simple one-step polymerization process was used to coat the dopamine on the LDH composite. Typically, LDH nanocages (100 mg) were dispersed in a Tris-buffer aqueous solution (10 mM) under ultrasonication. Then, dopamine (50 mg) was added to the mixed solution for 12 h magnetic agitation at room temperature. LDH/PDA was obtained by centrifugal separation and then dried overnight at 60°C. A lithium polysulfide solution (10 mmol L −1 ) was synthesized as described below. Typically, lithium sulfide powder (Li 2 S) and elemental sulfur (S) were mixed (molar ratio = 1:5), and then, the mixture was added to the 1,2-dimethoxyethane (DME) solvent with an equal volume of 1,3-dioxolane (DOL) under vigorous stirring for 1 day at room temperature. Then, the resulting yellow Li 2 S 6 sample was obtained by washing with toluene and was then vacuum-dried. To synthesize the Li 2 S 6 /Co 3 O 4 composite for XPS analyses, Co 3 O 4 powder (20 mg) was added to the lithium polysulfide solution (5.0 mL), and the mixtures were vigorously stirred to realize sufficient adsorption. The precipitated product was centrifuged and vacuum-dried for the XPS studies.
2.6. Lithium Polysulfide Adsorption Study. Co 3 O 4 nanocages and carbon black were added to the as-prepared Li 2 S 6 solution separately for adsorption. A pure Li 2 S 6 solution was used as a control experiment.
2.7. Materials Characterization. The materials crystallography was examined by X-ray powder diffraction (XRD, Rigaku) attached to the monochromatic Cu Kα (λ = 1.5406 Å) radiation. The sample morphology and structure were characterized using a transmission electron microscope (TEM, JEOL-JSM-2100) and scanning electron microscope (SEM, Philips/FEI XL 40 FEG). An energy-dispersive Xray spectrometer (EDS) attached to the SEM instrument was employed to analyze the composition of the samples. Elemental mapping images were recorded using an EDS spectroscope attached to TEM. Thermogravimetric analysis (TGA, Pvris Diamond) was performed under a flow of nitrogen using a heating rate of 10°C min −1 . The Raman spectrum was recorded on an HR 800 Raman spectroscopy instrument (J Y, France) with a confocal Olympus microscope and synapse CCD detector. A 633 nm He−Ne laser and 600 g mm −1 gratings were used by the spectrograph. X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Scientific K-Alpha XP spectrometer equipped with a monochromatic Al Kα X-ray source (1486.6 eV). A nitrogen adsorption−desorption isotherm investigation was conducted with a Micromeritics ASAP 2050 porosimeter to obtain the Brunauer− Emmett−Teller (BET) specific surface area. The desorption branch of the Barrett−Joyner−Halenda (BJH) model was employed to determine the pore size distribution.
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Article 2.8. Electrochemical Measurements. 2032-type coin cells (MTI Corp., USA) were constructed to measure the material's electrochemistry with a metallic Li foil (Sigma-Aldrich) as the counter/reference electrode, while the separator employed a polypropylene membrane (Celgard LLC., USA). The composites (80 wt %) were mixed with Super P (10 wt %) and polyvinylidene fluoride (PVDF) binder (10 wt %) in N-methyl pyrrolidone (NMP) solvent to form homogeneous slurries. The sulfur contents in all composites were 70 wt %, which amounted to a sulfur loading of 56 wt % in the cathodes. The resultant slurries were cast onto the carboncoated aluminum foil (MTI Corp., USA) by a doctor-blade method and then vacuum-dried at 70°C overnight. Finally, the working electrodes were cut into discs with the average sulfur loading of around 1.4 mg cm −2 . In the higher sulfur loading test, electrodes with an average sulfur loading of about 3.5 mg cm −2 were used. The electrolyte consisted of 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in the solvent of DOL and an equal volume of DME with 2 wt % LiNO 3 additive. The electrolyte volume used in each coin cell was controlled with an electrolyte/sulfur ratio of 20 μL mg −1 . The assembly of coin cells was performed in an argon-filled glovebox with a moisture and oxygen concentration below 5 ppm. The cells were galvanostatically measured with an M2300 galvanostat (Macoor, Tulsa, USA) from 2.7 to 1.8 V. Cyclic voltammetry (CV) was measured in the range from 1.7 to 3.0 V at 0.1 mV s −1 . Impedance spectroscopy (EIS) was carried out from the frequency 0.1 Hz to 200 kHz using an Autolab potentiostat. The current density was determined by the mass of pure sulfur, in which 1 C = 1675 mA g −1 , while the active sulfur mass was employed to calculate specific capacities.
RESULTS AND DISCUSSION
The synthesis strategy of the S@Co 3 O 4 /C composite is illustrated in Figure 1 . First, highly uniform rhombic dodecahedral zeolitic imidazolate framework-67 (ZIF-67) nanoparticles were synthesized serving as the sacrificial template. 45 Then, ZIF-67 reacted with Co(NO 3 ) 2 in an ethanol solvent, transforming to hollow nanocages of layered double hydroxides (LDH). Subsequently, dopamine was employed to fabricate polydopamine (PDA) at the surface of 
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Article LDH to form double-shelled LDH/PDA nanocages. 46 The asprepared samples were annealed, converting LDH/PDA to the Co 3 O 4 /C double-shelled nanocage structure. Finally, sulfur particles were encapsulated in the hollow Co 3 O 4 /C nanocages by melt-diffusion.
The SEM observation illustrated in Figure 2a presents the morphology of the ZIF-67 template particles. It shows the welldefined rhombic dodecahedral shape with a smooth surface, in which the size distribution remains uniform and the particle diameter is about 800 nm on average. The corresponding XRD pattern matched well the previous reports ( Figure S1 , Supporting Information). 47 Figure 2b shows the SEM image of LDH cages fabricated from ZIF-67. The crumpled shells assembled by tiny LDH nanosheets approximately retained the dimensions and morphology of the ZIF-67 templates. The cleft of the LDH nanocages observed in Figure 2c revealed the hollow structure. The TEM observation (Figure 2d ) obviously demonstrates the hollow nanocage structure with a welldefined inner cavity. A layer of homogeneous LDH shell assembled by nanosheets can be discerned in Figure 2e . The corresponding XRD pattern ( Figure S2 ) revealed the (003), (006), (012), and (110) peaks of a typical LDH material. 48 Subsequently, the polymerization of dopamine on the surface of the LDH nanocages generated a uniform polydopamine carbon layer. The final Co 3 O 4 /C nanocages with the doubleshelled structure were obtained by annealing the polydopamine-coated LDH nanocages under nitrogen. Figure 2f shows the SEM image of the Co 3 O 4 /C nanocages with the crumpled surface. The morphology and size of the Co 3 O 4 /C nanocages were well-maintained. Also, the hollow structure of the cages can be clearly identified by TEM (Figure 2g) . The presence of carbon shells was determined by the magnified TEM in Figure  2h Figure  S3 ) shows typical diffraction peaks of Co 3 O 4 (JCPDS Card 76-1802), while no significant peaks of carbon could be observed owing to the low diffraction intensity of the amorphous structure. 49, 50 The Raman spectrum of the Co 3 O 4 /C nanocages ( Figure S4a ) shows two characteristic carbon peaks of the D band at around 1350 cm −1 and the G band at about 1550 cm −1 , which stem from the disordered and graphited carbon, respectively, 51, 52 while the E g , F 2g , and A 1g bands correspond to Co 3 O 4 . The EDS result in Figure S4b evidently signifies that Co, O, and C elements were all present in the double-shelled Co 3 O 4 /C nanocages. Furthermore, the homogeneous distribution of Co, O, and C elements was verified by elemental mapping of scanning transmission electron microscopy (STEM) ( Figure S5 ).
Since the annealing temperature plays a critical role in the Co 3 O 4 /C structure, thermogravimetric analysis (TGA) of LDH/PDA has been performed to reveal the structural evolution. As displayed in Figure S6 , the Co 3 O 4 /C formation occurs below 530°C, while a significant weight loss starts near 540°C, which might be associated with the reduction of Co 3 O 4 by carbon at high temperature. The XRD patterns of the annealed products obtained at 400 and 600°C further demonstrate the structural change ( Figure S7 ). When annealed at 400°C, the corresponding XRD pattern confirms the formation of the Co 3 O 4 /C nanocages. With the temperature increasing to 600°C, the XRD pattern of the product shows typical diffraction peaks of cobalt (JCPDS Card 89-7093), indicating the reduction of Co 3 O 4 to elemental cobalt. These results are very consistent with TGA. Therefore, annealing at 500°C is beneficial to obtain well-defined Co 3 O 4 /C nanocages with highly conductive carbon shells. 
Article Sulfur was loaded into the Co 3 O 4 /C nanocages by a meltdiffusion method. 53 The resulting S@Co 3 O 4 /C composite maintained the original nanocage architecture (Figure 3a) . The corresponding EDS spectrum shows a strong signal of sulfur ( Figure S8 ), indicating a large number of sulfur particles in S@ Co 3 O 4 /C. The TEM observation from Figure 3b demonstrates that the inner space in S@Co 3 O 4 /C became much darker after sulfur encapsulation, implying that sulfur particles were successfully infused into the cavities. The sulfur content in the S@Co 3 O 4 /C composite was determined to be 70 wt % by TGA (Figure 3c ). STEM elemental mapping images indicate the homogeneous distribution of sulfur in the S@Co 3 O 4 /C composite (Figure 3d Figure S9 , the BET surface area of Co 3 O 4 /C nanocages was measured to be as high as 306.11 m 2 g −1 , and the calculated pore volume reached 0.594 cm 3 g −1 . With sulfur loading, the surface area of S@Co 3 O 4 /C dropped to 10.56 m 2 g −1 while a distinct decline in the pore volume occurred (only 0.072 cm 3 g −1 after sulfur loading), implying that sulfur had infused the majority of pores. All these results confirm that sulfur has been infused into the cavities of Co 3 O 4 /C nanocages.
The S@Co 3 O 4 /C composite was fabricated to be a sulfur cathode for evaluating the electrochemical performance. In order to determine the structural merits of the S@Co 3 O 4 /C composite materials, S@Co 3 O 4, and S/C composites were prepared using Co 3 O 4 nanocages and carbon black as the hosts, respectively. Their electrochemical performances were also evaluated for comparison. In all three samples, the sulfur mass loading was 70 wt % confirmed by TGA (Figure 3c and Figure S10 ). The CV curves of S@Co 3 O 4 /C illustrated in Figure 4a reveal the typical redox process of Li−S batteries. Two reduction peaks emerge during lithiation and arise from the transformation from elemental sulfur to soluble polysulfides (Li 2 S n , 4 ≤ n ≤ 8) and ultimately to solid Li 2 S 2 and Li 2 S sulfides, while the oxidation peak during delithiation can be associated with the reverse reaction. 54 In the following two cycles, the two reduction peaks slightly shifted toward more positive potentials and the oxidation peak toward more negative potentials, implying the mitigation of polarization and the improvement of electrochemical charge transfer kinetics. These variations mainly arise from the rearrangement of the active sulfur upon cycling, resulting in more energetically 
Article stable sulfur particles. 55 The good consistency of the oxidation and reduction peaks in the two consecutive cycles indicates the good electrochemical stability of S@Co 3 O 4 /C. EIS analyses were conducted in order to additionally demonstrate the structural superiority of the S@Co 3 O 4 /C cathode. The EIS equivalent circuit is presented in Figure S11 with the parameter results in Table S1 . As displayed in Figure  S11 , the Nyquist plots reveal that each of the three composite electrodes comprised a depressed semicircle and a declined line located in the regions of high and low frequencies, representing the charge transfer process on the interface of the cathode/electrolyte and semi-infinite Warburg diffusion in the sulfur cathode, respectively. 56, 57 The intercept with the real axis is associated with the cell resistance. 58 The S@Co 3 O 4 /C cathode exhibited the smallest semicircle, indicating the lowest charge transfer resistance (R ct ) and enhanced redox kinetics. From the CV and EIS results, it can be concluded that the double-shelled Co 3 O 4 /C nanocage structure can significantly boost the cycling life and ensure the high rate capability, because of the efficient adsorption of active sulfur species as well as considerable acceleration of the charge transfer kinetics. Figure 4b presents the charge and discharge voltage profiles of three composites cathodes at 0.2 C. All three cells exhibited well-defined discharge plateaus at the potential around 2.3 and 2.1 V, consistent with a typical discharging curve of a Li−S battery. 59 The electrochemical polarization upon cycling can be determined from the plateau voltage gap (ΔV). Among the three electrodes, S@Co 3 O 4 /C exhibited the narrowest voltage gap (i.e., the smallest polarization) and highest low-voltage plateau capacity, indicating fast charge transfer kinetics and effective utilization of active sulfur species in the S@Co 3 O 4 /C cathode. The cycling performance of S@Co 3 O 4 /C, S@Co 3 O 4 , and S/C was compared at 0.2 C in Figure 4c ,d, and Figure S12 .
Due to the structural superiority, the S@Co 3 O 4 /C cathode initially attained a capacity of 1076 mAh g −1 . On the other hand, the S@Co 3 O 4 and S/C cathodes only reached 1012 and 822 mAh g −1 , respectively. Furthermore, S@Co 3 O 4 /C still delivered a capacity of about 817 mAh g −1 after 100 cycles at 0.2 C, which was equivalent to the capacity retention of 75.9%, whereas S@Co 3 O 4 and S/C cathodes only delivered 647 and 304 mAh g −1 , respectively, indicating that only initial capacities of 63.9% and 37.2% were maintained. In addition, the S@ Co 3 O 4 /C cathode exhibited the highest Coulombic efficiency among the three electrodes. Pure Co 3 O 4 /C nanocage cathodes without sulfur were conducted to determine their capacity contribution. As shown in Figure S13 , in a same test situation, pure Co 3 O 4 /C nanocages only delivered not more than 10 mAh g −1 during 100 cycles.
Furthermore, the three composite electrodes after 100 cycles were separately soaked in a solvent consisting of 1,2dimethoxyethane (DME) and an equal volume of 1,3dioxolane (DOL) to observe the diffusion of polysulfides. As shown in Figure 4e , the solvents containing S@Co 3 O 4 /C and S@Co 3 O 4 cathodes nearly kept their initial colors, whereas the color of the solution with S/C cathode turned into yellow. This color observation clearly indicates that Co 3 O 4 nanocage structures can efficiently prevent polysulfides from diffusing into the electrolyte. The highest initial discharge capacity and favorable cycling stability of S@Co 3 O 4 /C benefit from the synergetic functions of the double-shelled nanocages by better anchoring the lithium polysulfides and facilitating enhanced redox kinetics, contributing to sufficient utilization of active sulfur species. To further reveal the advantages of the Co 3 O 4 / C nanocages for the polysulfide adsorption, cycled lithium metal anodes were disassembled from the three composite cells for comparison ( Figure S14 ). The lithium foils from the S@ 
Article Co 3 O 4 /C and S@Co 3 O 4 cells show a smooth surface, and the morphology was preserved, indicating that the dissolution of polysulfides has been significantly inhibited. However, the lithium foil of the S/C cell presents an obviously rough surface. The severe erosion of the lithium foil was clearly ascribed to the shuttle issue of polysulfides. In addition, the cycled S@ Co 3 O 4 /C composite cathode maintained well the morphology and structure, indicating good stability of the S@Co 3 O 4 /C composite upon cycling ( Figure S15) .
The rate capabilities of the three composite electrodes were investigated in the range from 0.2 to 2 C (Figure 4f ,g, and Figure S16 ). With regard to the S@Co 3 O 4 /C cathode, two typical discharge plateaus can be discerned even up to 2 C, implying significant polarization mitigation. This cathode attained a highly stable discharge capacity of 1017 mAh g −1 at 0.2 C. With a progressive increase in current density, the discharge capacities of S@Co 3 O 4 /C remained steady at 893 (0.5 C), 807 (1 C), and 682 (2 C) mAh g −1 , respectively. Moreover, S@Co 3 O 4 /C reached a highly stable capacity of 905 mAh g −1 after the current density dropped to 0.2 C, meaning that S@Co 3 O 4 /C had favorable rate capability and electrode stability. On the other hand, the S/C cathode exhibited distinctly inferior discharge capacities at various current densities, mainly resulting from the loss of polysulfides upon cycling; the S@Co 3 O 4 cathode suffered a dramatic drop in capacity at 1 C, implying a relatively poor charge transfer due to the absence of carbon. The rate capabilities of the three cathodes are very consistent with the EIS results discussed above.
The prolonged cycling stability of the S@Co 3 O 4 /C composite cathode was further investigated at 1 C, which is illustrated in Figure 4h . The S@Co 3 O 4 /C cathode initially delivered a reversible capacity of 889 mAh g −1 and maintained 520 mAh g −1 after a 500-cycle discharging and changing process. Low capacity fading of 0.083% per cycle was achieved accompanied by a corresponding Coulombic efficiency of about 99% during the whole cycling process. This superior long-term stability achieved by the S@Co 3 O 4 /C composite cathodes can rival most metal oxides, carbonaceous composites, and hybrid electrodes reported before (Tables S2). Since high sulfur loading enables Li−S batteries with high energy density for commercialization applications, an S@ Co 3 O 4 /C cathode containing higher sulfur loading up to 3.5 mg cm −2 was further assessed. Figure 5a ,b presents the resulting voltage profiles and cycling curves at 0.2 C. The highload S@Co 3 O 4 /C cathodes initially delivered a high capacity of 839 mAh g −1 . Even with a 100-cycle discharging process, a steady capacity of 601 mAh g −1 was still attained. The increase in sulfur loading barely incurs the aggravation of polarization, implying good electrochemical kinetics and cycling life. Furthermore, the S@Co 3 O 4 /C cathodes also exhibit impressive rate capabilities at high current rates (Figure 5c,d) . Reversible capacities of 821 (0.2 C), 728 (0.5 C), 657 (1 C), and 546 mAh g −1 (2 C) were achieved. S@Co 3 O 4 /C still attained a stable capacity of 792 mAh g −1 when the current density fell to 0.2 C. These results firmly demonstrate that the S@Co 3 O 4 /C cathodes offer the potential for practical Li−S batteries.
In order to evaluate the adsorption capability of Co 3 O 4 nanocages for lithium polysulfide species, the upper-plateau (Q H ) and lower-plateau (Q L ) capacities extracted from the discharge voltage profiles were investigated. Q H corresponds to 
Article the fast solid-to-liquid transformation from sulfur to soluble polysulfides, which mainly determine the capacity retention and cathode stability due to the polysulfide diffusion and migration. 60, 61 Q L involves the slow liquid-to-solid conversion from soluble polysulfides to insoluble species. The Q H and Q L theoretical capacities are 419 and 1256 mAh g −1 , respectively. 62 The specific Q H and Q L values of S@Co 3 O 4 /C, S@ Co 3 O 4 , and S/C cycling at 0.2 C were listed in Table S3 . As illustrated in Figure 6a , S@Co 3 O 4 /C can deliver an initial Q H value of 339 mAh g −1 and then exhibit a relatively high Q H value after 100 cycles, achieving the high average Q H retention rate (R QH ) of 72%. Similarly, the S@Co 3 O 4 cathode also exhibits a high R QH value of 61% after 100 cycles. By contrast, S/C reveals an obviously low initial Q H value of 284 mAh g −1 and R QH value of 37% under the same conditions. Accordingly, the S@Co 3 O 4 /C and S@Co 3 O 4 cathodes show considerably higher Q L capacities and Q L retention rate (R QL ) than the S/C cathode, implying that the adsorbed polysulfides by Co 3 O 4 nanocages can adequately be converted to the end-discharge products upon cycling. These results clearly demonstrate that the prepared Co 3 O 4 nanocages possess superior polysulfide adsorption capability, which can noticeably inhibit the shuttle problem of polysulfides.
A visual discrimination test was conducted to confirm the strong adsorption of prepared Co 3 O 4 nanocages for lithium polysulfides. Li 2 S 6 was conducted as the representative of polysulfide species, which was synthesized according to the previous report. 63 Co 3 O 4 nanocages and carbon black were separately dispersed into a Li 2 S 6 solution of 10.0 mmol L −1 , followed by vigorous stirring to induce good adsorption. As demonstrated in Figure 6b , the solution with Co 3 O 4 nanocages is nearly transparent because of the complete adsorption of Li 2 S 6 . On the contrary, the solution with carbon black is virtually unchanged in color. This observation again indicates the considerable adsorption of prepared Co 3 O 4 nanocages toward lithium polysulfides. In addition, XPS analyses further demonstrate the chemical interaction between Co 3 O 4 and Li 2 S 6 . Figure 6c shows the S 2p spectra of pristine Li 2 S 6 and Li 2 S 6 /Co 3 O 4 . The pristine Li 2 S 6 spectrum exhibited two contributions of S 2p at 161.6 and 163.4 eV, assigned to terminal sulfur (S T −1 ) and bridging sulfur atoms (S B 0 ), respectively. 64 The S T −1 contribution of Li 2 S 6 /Co 3 O 4 , by contrast, shifted more than 0.5 eV to higher binding energies, indicative of electron transfer from Li 2 S 6 to Co 3 O 4 due to chemical interaction. Accordingly, in the Co 2p 3/2 spectra (Figure 6d ), the Co 2p 1/2 and Co 2p 3/2 spectra of Li 2 S 6 /Co 3 O 4 shifted toward lower binding energies compared with those of pristine Co 3 O 4 . 65 Overall, the XPS analyses clearly demonstrate the strong chemical interaction between the Li 2 S 6 and Co 3 O 4 .
The outstanding electrochemical performance of S@Co 3 O 4 / C derives from the following advantages. First, the Co 3 O 4 nanocage structure can effectively anchor the lithium polysulfides by the strong chemical interaction of Li−O and S−Co bonds, which is supported by Q H and Q L analyses, static adsorption of polysulfides, and XPS investigations. The beneficial interaction between polar Co 3 O 4 and polysulfide intermediates facilitates mitigation of the loss of active sulfur species, resulting in better cycling life. In addition, the excellent conductivity of the carbon shells significantly improves the composite cathode with better charge transfer capability. Specifically, the electrochemical polarization of S@Co 3 O 4 /C observed in the CV curves and voltage profiles (Figure 4a,b) is evidently smaller than that of the other two electrodes. This indicates a more favorable charge transfer kinetics for the S@ Co 3 O 4 /C cathode, causing a better rate capability ( Figure  4f,g) . Finally, the double-shelled nanocage structure provides a three-dimensional pathway, which can be readily accessed by electrons and lithium ions. As a result, the robust structure of the S@Co 3 O 4 /C composite, in combination with the effective adsorption to lithium polysulfides and high conductivity, contributes to excellent electrochemical performance for sulfur cathodes.
CONCLUSIONS
In summary, we have demonstrated a novel design to fabricate double-shelled Co 3 O 4 and carbon hollow nanocage sulfur host materials. Due to the synergetic effect of the double-shelled Co 3 O 4 /C nanocage structure, the Co 3 O 4 /C sulfur host can effectively adsorb polysulfides and facilitate charge transfer, thus inhibiting the diffusion and migration of polysulfides and improving the electrochemical kinetics of the cathode. Q H and Q L analyses, static adsorption of polysulfides, and XPS investigations validate the chemical interactions between polysulfides and Co 3 O 4 nanocages. Benefiting from the structural superiority, the S@Co 3 O 4 /C composite electrode achieved a favorable capacity at 0.2 C, superior cycling stability with capacity fading just 0.083% per cycle at 1 C, and impressive rate performance. The present results broaden the understanding of chemical interactions between lithium polysulfides and polar materials and favor the design and screening of prospective structures for enhanced performance of Li−S batteries.
